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2.1 ??????
Vicsek ?????????????????????????????????????
??????? N ????? i???????? 2????????? (i = 1, 2, · · · , N)?
Vicsek??? 
Xi(t+∆t) =Xi(t) + veθi(t+∆t) (2.1)
θi(t+∆t) = 〈〈 θ(t) 〉〉r +∆θi (2.2) 
(2.1)?? i?????Xi ???????????∆t > 0??????v ???????
eθi(t+∆t) ? θi(t +∆t)?????????????(2.2)?? i????? θi ??????
??????〈〈 · 〉〉r ?? i?????????? r????????????????????
〈〈 θ(t) 〉〉r = arctan 〈 sin θ(t) 〉r〈 cos θ(t) 〉r
????? (C???? 〈〈 θ(t) 〉〉r = atan2(〈 sin θ(t) 〉r, 〈 cos θ(t) 〉r)???????????
? B???????)????∆θi ??????????? η > 0?????? [−η/2, η/2]
????????????????????????? (Fig. 2.1)?????〈 · 〉r ?? i??
???????? r ??????????????????????Xi ? r ????? Ni
??????????? Ji ??????
Ni = #Ji, Ji = {j ∈ {1, 2, · · · , N} | |Xj −Xi| ≤ r}
????????
〈 cos θ(t) 〉r = 1
Ni
∑
j∈Ji
cos θj(t), 〈 sin θ(t) 〉r = 1
Ni
∑
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sin θj(t)
???? (Fig. 2.2)?
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Vicsek?? (2.1), (2.2)????? Vicsek???????Fig. 2.3??????????
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Fig. 2.3 Vicsek [2] ? FIG. 1 ??????? N = 300??? v = 0.03??????
? r = 1????? ∆t = 1 ???????????????????????????
??????????????????????????????????(a) ????
(t = 0), L = 7????????????????????(b)-(d) ?????????
??????(b) L = 25, η = 0.1????????????????????????
??????????(c) L = 7, η = 2.0??????????????????????
(d) L = 5, η = 0.1????????????????
?????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
?????????????????????????????
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)2
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(
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sin θl(t)
)2
 
??????????????????????????????????????????
???? 1?????????????????????????????????????
?? 0?????
Fig. 2.4 (a)??????? va?????? η ???va ???? η ??????????
????????????????????????? va ???????????????
?????????????????????????? va ?????????????
Fig. 2.4 (b)?????????????????????????????????????
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Fig. 2.4 Vicsek [2] ? FIG. 2 ????(a) va ???? η ?????????????
???????????????????????????????????????
????????????????????????????????(□ : N = 40, L =
3.1; + : N = 100, L = 5; × : N = 400, L = 10; △ : N = 4000, L = 31.6; ⋄ : N =
10000, L = 50?) (b) va ??? ρ ????????? L = 20 ????????????
?????????????????????????????????????
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3.1 ??????????????
?????????????????????????????????????????
? t???? [0, L]× [0, L]???????m?????? Si,j(i, j = 0, 1, · · · ,m− 1)??
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Fig. 3.1 ???? Si,j
??????? N∗, ϕ∗ ????
Ni,j ≥ N∗ (3.1)
ϕi,j ≥ ϕ∗ (3.2)
??? 2??????????????????????????????
????? 
(3.1),(3.2)???????????????????????????????????
??? 1???????? 
????1?????????????????????????????????????
????
????? 
1 ?????????????????????????????????????
? [5, 6](Fig. 3.2)? 
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2) ??? 0????????????????????? 8?????????????
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(b)???????? 1??????????????????
(c)?????????????????????????? α??????
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4) ????????????????????????????????
???? ϕ∗ ? N∗ ?????????ϕ∗ ??????????????????????
????????????????????????????? ϕ∗ = 0.99?????????
N∗ ?????????????????????Fig. 3.3 (a) ????????N∗ = 2 ?
??????? 3?N∗ = 3 ???????? 1?N∗ = 4 ?????? 2 ????????
Fig. 3.3 (b)?????N∗ = 2???????? 3?N∗ = 3???????? 2?N∗ = 4?
????? 3????N∗ ????????????????????????N∗ ????
? 1???????????????????????????????????? N∗ = 3
??????
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(a) (b)
Fig. 3.3 ???????????????????? L = 25, η = 0.1????????
?????? t = 3000????????????????
3.2 ??????????
??????????????????????????????????? (Fig. 2.3 (c))
????????????????????????????????? (Fig. 2.3 (d))??
?????????? Fig. 3.4? Fig. 3.5???????? t = 3000??????????
?????????????? 1???????????????????????????
?????????????
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Fig. 3.5 t = 3000, L = 7, η = 4.0?????????????????????????
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??????????????????????????????????????????
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Fig. 3.6 Fig. 2.3 (b) ???????? (L = 25, η = 0.1) ?????????????
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???????????????????????????? ρ = 0.1, 0.5, 1.5?????
?????????????????? Fig. 3.7????????????????????
???????????????????ρ = 0.1????????????? 1.95????
? 1.04??????????????????????????????????????
????????? ρ = 0.5????????????? 4.46????? 6.52??????
??????????????????????????????????????????
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??????????????????????????????????????????
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Fig. 3.7 ??????????????????t = 3000??????????????
?????????????ρ = 0.1???? L = 25, N = 63????ρ = 0.5????
L = 25, N = 300?ρ = 1.5???? L = 25, N = 938???.
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(a) L = 25, η = 0.1 (b) L = 7, η = 2.0
(c) L = 5, η = 0.1 (d) L = 7, η = 4.0
Fig. A.2 (a)-(d) ? L ? η ????????????????????? (t = 1000)
??????????(a)-(d) ??????????????? N = 300??????
v = 0.03??????? r = 1?????∆t = 1????(a) L = 25, η = 0.1?????
?????????????????????????????????????????
???????????(b) L = 7, η = 2.0?????????????????????
??????????????????????????????(c) L = 5, η = 0.1???
???????????????????????????????(d) L = 7, η = 4.0?
??????????????????????????????????????
Fig. A.2 ????????????????????????????? t ??????
?????? va ???? Fig. A.2 (a)-(d)??????????? t,?????? va ???
????????????????????????? [2]??????????
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Fig. A.3 Fig. A.2 (a)-(d)?????????????? va ?????????(a) L =
25, η = 0.1?t = 1000 ????????????????????????? va ? 1 ?
????(b) L = 7, η = 2.0?va = 0.8???????????????????????
????????(c) L = 5, η = 0.1?va ???? 1?????????????????
???????(d) L = 7, η = 4.0????????????????? va ???????
???????????????????????
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Fig. A.3?????????? t = 1000??????????????????????
???? Fig. A.2???????????????? (t = 1000)????????????
????????Fig. A.3 (a),(c)????? t = 3000???? va ≈ 1?????????
?????????????????????????? 3???????????????
?????????
Fig. A.4 (a),(b)?????????????????????????? (Fig. 2.4 (a),(b))
???????????????Fig. A.4 (a)???????????? 〈 va 〉?????? η
?????????????????? ρ = N/L2 ?????????? η????????
??,??????????????? va ????? 〈 va 〉t ??????????????
???????〈 va 〉t ????? t = 5000?? t = 15000?????
〈 va 〉t = 1
10001
15000∑
t=5000
va(t)
????Fig. A.4 (a)?????????????????????? η = 2.5???? 〈 va 〉t
?????????????????????????????
f(η) =
1 + tanh(a− bη)
1 + tanh a
(a = 2.12763, b = 0.854575)
?????????? f ? N = 10000, L = 50?????????? 2?????????
??????f(0) = 1, lim
η→∞ f(η) = 0????????
f ′′(η) = −c tanh(a− bη)
cosh2(a− bη) (c = 0.740661)
??????? (f ′′(η) = 0?????)? η = a/b = 2.48969????
Fig. A.4 (b)?????????? f ????????? η = 2.5????????? 〈 va 〉t
????????????????? Vicsek?????????????????????
???????????????????????? ρ≫ 1???? 〈 va 〉t ≈ 0.7?????
??????????Fig. A.4? Fig. 2.4???????????????????????
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Fig. A.4 (a) ?? ρ = N/L2 ≈ 4 ???? N ? L ????????????????
η??? 〈 va 〉t ???????? N = 10000 ??????? 2 ????????? f(η)
?????????? Fig. 2.4 (a)?????? N ?????? L?????(b) ???
??? L = 20 ?????? η = 2.5 ??????? ρ ???????????? 〈 va 〉t
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??B 〈〈 θ(t) 〉〉r ???
§ 2.1???? 〈〈 θ(t) 〉〉r ???????????????????
〈〈 θ(t) 〉〉r =

arctan
〈 sin θ(t) 〉r
〈 cos θ(t) 〉r − pi ( 〈 cos θ(t) 〉r < 0, 〈 sin θ(t) 〉r < 0 )
−pi
2
( 〈 cos θ(t) 〉r = 0, 〈 sin θ(t) 〉r < 0 )
arctan
〈 sin θ(t) 〉r
〈 cos θ(t) 〉r ( 〈 cos θ(t) 〉r > 0 )
pi
2
( 〈 cos θ(t) 〉r = 0, 〈 sin θ(t) 〉r > 0 )
arctan
〈 sin θ(t) 〉r
〈 cos θ(t) 〉r + pi ( 〈 cos θ(t) 〉r < 0, 〈 sin θ(t) 〉r ≥ 0 )
??????????? α ∈ (pi/2, 3pi/2)????
arctan(tanα) = α− pi ̸= α
???????????
?? ???X1 ? r ???????? 2?????????? θ1 ? θ2 ????
〈〈 θ 〉〉r = θ1 + θ2
2
????????θ1 ∈ (pi/2, pi), θ2 = −θ1 ?????????????? pi ?????
〈〈 θ 〉〉r = 0 ̸= pi ??????????????? (Fig. B.1)?
θ1
θ2 = −θ1
e〈 θ(t) 〉 !"#$%
Fig. B.1 〈〈 θ(t) 〉〉r ??????????
(????: 2016? 12? 30?; ?????: 2017? 2? 11?)
– 38 –
